ABSTRACT This study was conducted to investigate effects of dynamic feeding low and high methionine (MET) diets on performance, egg quality traits, and serum metabolites in laying hens. A total of 180 laying hens (Brown Hy-line, 41 wk old) were allocated into 3 equal groups with 6 replicates each. The average egg production (EP) of each group was around 87% during one-week statistics before the formal experiment (P = 0.989). The control group (CON) received the control diet (contained 0.30% MET) at both 07:30 h and 15:30 hours. The low-high group (LH) received a low MET diet (containing 0.27% MET) at 07:30 h and high MET diet (containing 0.33% MET) at 15:30 hours. The high-low group (HL) received a high MET diet at 07:30 h and low MET diet at 15:30 hours. After 10 wk, blood samples were collected at 4-hour intervals in a daily cycle initially starting at 07:30 h before feeding. Results showed that the MET intake of a d was not influenced by the treatments (P > 0.05), respectively. The EP of the LH and HL group increased by 2.28 and 2.45% when compared with the CON group (P > 0.05). The hens in the LH group had a lower albumen ratio and thicker eggshell thickness than both CON and HL groups. Egg yolk ratio of the LH group was higher than the HL group (P < 0.05). The serum total cholesterol (TC), total triglyceride (TG), total protein (TP), and calcium (Ca) of the LH group was significantly lower at 07:30 h than the CON and HL groups, and the serum TG of the HL group was lower at 07:30 h than the CON group (P < 0.05). Meanwhile, the LH group also had the lowest value of serum TP at 23:30 h and 03:30 h (P < 0.05). These results demonstrated that dynamic feeding low and high MET diets might alter the circadian variation of serum TC, TG, TP, and Ca, which is consistent with the change of component ratio of egg albumen and yolk and eggshell thickness.
INTRODUCTION
As the essential amino acid, methionine (MET) takes part in many key metabolic pathways including protein synthesis, cysteine, glutathione, carnitine and polyamine metabolism, DNA methylation, and cellular antioxidant (Brosnan and Brosnan, 2006; Waterland, 2006; Bunchasak, 2009) . Optimal supplementation of MET to poultry diets can increase the efficiency of protein utilization, attenuate ROS-induced damage, and influence the egg weight, yolk, and albumen percentage (Gomez and Angeles, 2009; Del Vesco et al., 2014) . Thus numerous researches have been done to determine the MET or total sulfur amino acid requirements in layers, C 2016 Poultry Science Association Inc. Received July 12, 2016. Accepted October 10, 2016. 1 Corresponding author: wu-xin@foxmail.com but the results are inconsistent and most studies focus on different growth stages (Bregendahl et al., 2008; Saki et al., 2012; Mehri, 2014; Kakhki et al., 2016) .
Circadian rhythms regulate a wide array of metabolic and physiologic functions and oscillate in a periodicity of about 24 h (Li and Zhang, 2015; Tahara and Shibata, 2016) . A majority of amino acid metabolites has circadian rhythm and peaks at night. Sixty-three percent of the metabolites in methionine metabolic pathways shows a time main effect (Eckel-Mahan et al., 2012) . Moreover, the ovulatory cycle of hens also has circadian rhythm. A complete cycle requires about 24 h, including 15 to 30 min in the infundibulum for fertilization, 2 to 3 h in the magnum to accumulate albumen, one to 2 h in the isthmus to acquire shell membranes, 18 to 26 h in the shell gland to allow eggshell calcification, and 5 to 60 min intervals for ovulation of the next egg (Silver, 1986; Lim et al., 2012) . The most oviposition time happens in the morning; yolk formation at night is completely dependent on reserves and differences of this appear to occur between night and d (Moran, 1987) . To sum up, the MET demand of hens is dynamically changing and shows circadian rhythm in a day. It was speculated whether the feeding time of MET consistent with the proper requirement could increase MET utilization efficiency and egg performance of hens.
The objective of the present study was to investigate effects of dynamic feeding with low and high MET diets on the laying performance, egg quality traits, and diurnal variation of serum metabolites of laying hens.
MATERIALS AND METHODS

Ethics Statement
Animal experiments were approved by the Animal Care Committee of the Institute of Subtropical Agriculture, Chinese Academy of Science. Experiments were performed in accordance with regulations and guidelines established by this committee.
Birds and Management
A total of 180 Brown Hy-line laying hens were selected from a commercial flock (Changsha County, Changsha City, China), and divided into 3 equal groups with 6 replicates of 10 hens each. The average egg production (EP) of each treatment was around 87% during one-week statistics before the formal experiment (P = 0.989). The trial lasted for 10 wk, from 41 to 51 wk (August to October) of age of the hens. Two birds were housed in a (39 × 35 × 38 cm) wire cage with 3 ladders, and then 5 wire cages formed an experimental unit that was randomly distributed in the shed. The lighting regimen used was a 16 h light and 8 h darkness cycle with lights beginning at 06:00 h local time. The birds were fed twice a d (07:30 h and 15:30 h) and allowed ad libitum access to water and treatment diets during the experiment period. The residual feed was cleaned away each time before adding new feed, and the weight of new and residual feed were recorded to calculate the feed intake (FI) of hens each time. Eggs were picked up from the egg tray 3 times a d, which was 7:30 h, 12:00 h, and 19:30 h, respectively. The number of eggs of each replicate was recorded 3 times a d before picking, including the number of broken and distorted eggs. The total egg mass of each replicate was weighed every day.
Diets
All hens were fed corn-soybean-based diets in mash form. All nutrients met or exceeded the nutrient recommendation of the NRC (1994) for brown laying hens, except the content of MET. Three diets were formulated only with different MET content that were the control diet (containing 0.30% MET), low MET diet (containing 0.27% MET), and high MET diet (containing 0.33% MET). The ingredient composition and the nutrient content of the experimental diets are shown in Table 1 . Dietary treatments were as follows: (1) The control group (CON) received control diet at both 07:30 h and 15:30 h; (2) the low-high group (LH) received low MET diet at 07:30 h and high MET diet at 15:30 h; (3) and the high-how group (HL) received high MET diet at 07:30 h and low MET diet at 15:30 h.
Blood Sample Collection
On the last d of the trial, a total of 108 hens (n = 6 hens/group/time point) was randomly and equally selected and decapitated at 4-hour intervals in a daily cycle starting at 07:30 h; the blood samples were collected at the same time. Blood was centrifuged for 15 min at 3,000 × g under the normal temperature to obtain serum, and then stored at −20
• C for subsequent blood metabolites analyses.
Egg Quality Traits
A total of 72 normal eggs was randomly and equally selected on equal basis (n = 24 eggs/group) from each dietary treatment at the end of the experiment to evaluate the egg quality traits, including egg weight, egg yolk weight, shell weight, eggshell strength, and shell thickness. Yolk and albumen were separated manually by a plastic egg separator. Excess albumen was removed from the yolk by using a disposable plastic dropper. Eggshells were weighed after separation of eggshell and membrane manually (Zhong et al., 2016) . Eggshell strength was determined by an egg force reader (Orka Food Technology Ltd, Ramat HaSharon, Israel). Shell thickness was determined by a shell thickness gauge (Orka Food Technology Ltd, Ramat HaSharon, Israel) at 3 different locations (bottom, middle, and top of the egg).
Serum Metabolites Analyses
The concentrations of serum total cholesterol (TC), total triglyceride (TG), total protein (TP), and calcium (Ca) were determined by an Automated Biochemistry Analyzer (Synchron CX Pro, Beckman Coulter, Fullerton, CA) according to the commercial kits and manufacturer's instructions, and which was purchased from Beijing Chemlin Biotech Co., Ltd (Beijing, China) (Xie et al., 2015) .
Statistical Analyses
The experiment was performed in a completely randomized design. All data in this experiment were presented as mean ± standard error of mean (SEM). Significant differences among treatment means were determined by one-way analysis of variance (ANOVA) followed by Duncan's multiple-range test (SPSS, 17.0). The differences were considered significant when P < 0.05. The data of FI, MET intake, laying performance, and laying ratio are average values of 10 weeks.
RESULTS
Feed Intake and Methionine Intake
The FI and MET intake of hens that were fed with dynamic MET are shown in Table 2 . The results showed that morning FI, morning MET intake, and afternoon MET intake were significantly (P < 0.05) influenced by dynamic feeding, but the total feed and MET intake during a d of the three treatments was similar (P > 0.05).
Laying Performance
The laying performance of hens that were fed with dynamic MET is summarized in Table 3 . No significant effects were found on EP, eggs mass (EM), feed conversion ratio (FCR), breaking and distortion rate, or morning, afternoon, and night laying ratio (P > 0.05) in the 3 treatments. However, EP of the LH and HL groups increased by 2.28 and 2.45%, while feed conversion ratio reduced by 1.99 and 1.14%, when compared with the CON group, respectively. As for the laying ratio recorded, most eggs were produced in the morning, less in the afternoon and evening (Table 4) .
Egg Quality Traits
The egg quality traits of hens fed with dynamic MET are summarized in Table 5 . Significant differences were observed in albumen ratio, yolk ratio, and eggshell thickness among the 3 groups. Hens fed LH diets had lower albumen ratio and thicker eggshells than hens in the other 2 groups, and the yolk ratio was higher than the HL group (P < 0.05). There were no significant differences in egg weight, shell ratio, and eggshell strength among the 3 groups.
Serum TC, TG, TP, and Ca
The results of serum metabolites are shown in Figures 1 and 2 . The serum TC, TG, TP, and Ca of hens fed LH diets were significantly lower at 07:30 h than those in the CON and HL groups, and hens fed HL diets also had lower TG at 07:30 h than hens fed CON diets (P < 0.05). Meanwhile, hens fed LH diets had the lowest value of serum TP at 23:30 h and 03:30 h (P < 0.05).
DISCUSSION
The main objective of the present work was to study effects of dynamic feeding with low and high MET diets on performance and egg quality traits of laying hens. As the diets given, hens of 3 treatments had similar total MET intake per d during the 10 wk of the trial period. The EP, EM, and FCR were not influenced by changing the MET level in a d, but the laying performance slightly improved in the LH and HL groups. These results suggest the EP, EM, and FCR were not influenced by the dynamic feeding regime, which is similar to the results with no significant effect on the EP and feed conversion concluded from the experiment of dynamic feeding protein (Penz Júnior and Jensen, 1991). MET is used to synthesize proteins and other amino acids. Hens require about 6.2 mg digestible Met to produce one g eggs (Gomez and Angeles, 2009) . Changing the MET intake can alter egg weight, albumen, and yolk component of eggs (Shafer et al., 1996; Shafer et al., 1998; Bunchasak and Silapasorn, 2005) . Penz Júnior and Jensen (1991) reported that feeding a lowprotein diet (added 0.12% MET) at 08:00 h and highprotein diet (added 0.17% MET) at 14:00 h improved the weight of egg, albumen, and yolk compared with feeding a high-protein diet at 08:00 h and low-protein diet at 14:00 h. As the first limiting amino acid, MET influences the balance of essential amino acids and limits the biological value of protein (Muller and Balloun, 1974; Garcia Neto et al., 2000) . Thus, the change of methionine level may be the real reason for the improvement of the egg, albumen, and yolk weight. On the basis of these results, the egg albumen and yolk formation may be influenced by MET and feeding regime. In the present study, feeding low MET in the morning and high MET in the afternoon improved the yolk ratio, but decreased the albumen ratio without changing egg weight. The possible reasons for the current results are caused by the time relationship between MET feeding and egg component formation. Under ordinary daylight, most hens lay eggs in the morning, which is consistent with our results (Silver, 1986) . If, in hypothesis, the oviposition time of eggs were at 12:00 h, after about a 30 min interval and 30 min for fertilization, the albumen deposition of an egg would occur at 13:00 h to 16:00 h when the morning feed was still working in the hen's body (Fernandez et al., 1997) . Yolk formation at night is completely dependent on reserves in the body and the differences may occur between night and d (Moran, 1987) . Thus, the low MET diet received at 13:00 h to 16:00 h and high MET diet received at night may contribute to the lower albumen ratio and higher yolk ratio of the LH group.
Hen egg yolk is a natural supramolecular assembly of lipids and proteins with different organization levels (Anton, 2013) . MET levels may be closely related to the lipid content in egg yolk by improving amino acid balance (Poosuwan et al., 2006) . The major changes of plasma triacylglycerol was influenced by the circadian clock and time after waking, and plasma triacylglycerol levels were elevated at night (Morgan et al., 2003) . In the present study, serum TG level of the CON group was elevated during the night and reached the maximum at 07:30 h. However, the serum TG level of both the LH group and HL group was lower than the CON group at 23:30 h, 03:30 h, and 07:30 h, and the serum TG of the LH group achieved the lowest level at 07:30 h. Adding MET to a low-MET diet can improve plasma and liver cholesterol concentrations by influencing the formation of phosphatidylcholine (Hirche et al., 2006) . Sugiyama and Muramatsu (1990) also reported that sulfur-containing amino acids in dietary proteins are responsible for the alteration of plasma cholesterol levels to a certain extent. However, the serum TC levels of both the LH and HL groups were lower than the CON group at 23:30 h, 03:30 h, and 07:30 h, and the difference was significant at 07:30 h. Serum TP can reflect the nutritional status and protein metabolism in chicken Liu et al., 2016) . Previous researches showed that the amount of MET has no effect on blood TP (Dabbert et al., 1996; Maroufyan et al., 2013; Zhai et al., 2016) . It is similar to our results that the serum TP level of the HL group was not influenced by changing the MET in the diet. However, feeding low MET in the morning and high MET in the afternoon significantly reduced the serum TP at 23:30 h, 03:30 h, and 07:30 h. In general, the decrease of serum TG and TC in the HL group at night may be due to the low MET diet, which was fed in the afternoon. But the levels of serum TG, TC, and TP of hens fed LH diets were also decreased at night and may be caused by the hens' mobilizing more nutrient to the formation of eggs. The specific reasons of those results need further research.
Variation in abundance to eggshell calcification events was observed for 175 proteins (Marie et al., 2015) . The experiment of Bunchasak and Silapasorn (2005) showed that adding 0.30 to 0.38% MET to a low-CP diet can significantly improve eggshell thickness. Moghaddam et al. (2012) also reported that eggshell thickness decreased significantly by reducing MET content in the diet from 0.34 to 0.27%. It suggests that MET may participate in the formation of eggshells. In this study, feeding a low-MET diet in the morning and high MET diet in the afternoon significantly increased the eggshell thickness, which is probably due to the formation of eggshells mainly in the evening when new feed is not given. After 6 or 6.5 h of oviposition, the egg is transported to the shell gland where ultrastructural signs of mineral deposition occur (Fernandez et al., 1997) . Consistent with this, the level of serum Ca 2+ was lower at 23:30 h than 19:30 h due to the utilization of serum Ca 2+ , and the hens of the LH group declined even more. The peak of Ca 2+ transport beginning 11 to 12 h post ovulation and ending 22 h to 24 h post ovulation means 23:00 h to 12:00 h in the present study (Bar, 2009 ). In the early h of the morning, when calcium absorption from the feed of the previous night is virtually completed, the PTH mobilizes medullary bone calcium (Singh et al., 1986) . The serum Ca 2+ contents of the LH group was lower than the LH and CON groups at 19:30, 23:30, and 03:30 h, and arrived at the lowest at 07:30 h. It was speculated that laying hens of the LH group mobilized more Ca 2+ to take part in the formation of eggshells at night, which correlated with thicker eggshell thickness.
Optimizing the dietary nutrient supply requires better understanding of the circadian variation of blood metabolites (Koopmans et al., 2005) . In this experiment, the serum metabolites of each treatment exhibited different circadian variations. Interestingly, the diurnal variation of serum TC, TG, and Ca in a d was similar in both HL and CON groups, except between 15:30 h and 19:30 h. But the change of serum TC, TG, TP, and Ca of LH and CON hens had more differences, mainly between 03:30 h and 11:30 h. Our results suggested that dynamic feeding MET changed the circadian variation of serum metabolites. The results are consistent with recent studies of clocks also responding to nutrient signals, such as a high-fat diet, restricted feeding, and time of feed intake (Doerks et al., 2002; Hoogerwerf et al., 2007; Kohsaka et al., 2007; Hsieh et al., 2010; Johnston, 2014) . Peek et al. (2012) summarized that the functions of NAD + and sirtuins, cellular redox and ROS, nuclear hormone receptors, and metabolic peptide hormones in conceting circadian transcriptional networks with nutrient sensing pathways. Precise mechanisms of the present study need to be elucidated through further research. Additionally, more studies are needed to elucidate whether and how dynamic feeding affects the body metabolism by regulating circadian clock.
CONCLUSIONS
The results suggested that dynamic feeding lowand high-MET diets changed the circadian variation of serum TC, TG, TP, and Ca. Feeding low MET in the morning and high MET in the afternoon improved eggshell thickness and yolk ratio and decreased the albumen ratio. This feeding pattern might be beneficial for the improvement of egg quality.
